We studied the distribution of histamine (HA) immunoreactivity in endocrine cells of the acid-producing mucosa in rat stomach with pre-embedding immunoelectron miaoscopy (IEM) using an antiserum against HA. Four fmuon modifications were compared to optimize the ultrastructural morphology and staining pattern with the antisera produced against carbodiimide-conjugated HA, Fixation with 4% 1-ethyl-3(3-dimethyl-aminopropyI) carbodiimide (EDCDI) combined with both 4% paraformaldehyde and 0.1% glutaraldehyde gave superior results compared with EDCDI alone. Enterochromaffin-like (ECL) cells were easily distinguished from other endocrine cells in optimally fmed samples. The peroxidase endproduct was distributed within the cytoplasm surrounding the vesides of the ECL cells. ECL cells
Introduction
At least seven morphological types of endocrine cells in rat gastric mucosa can be identified by their uluastructural properties (Simonsson et al., 1988; Solcia et al., 1975) . Although many have features typical of peptide hormone production, only gastrin, somatostatin, peptide YY (PYY), and peptide 23 have been detected in these cells (Ymamoto et al., 1992; El-Salhy et al., 1983; Alumets et al., 1977; McGuigan, 1968) . Enterochromaffin-like (ECL) cells may also secrete gastrocalcin, a calciotropic hormone (Hhkanson et al., 1990a,b; Persson et al., 1989) . In addition, some gastric endocrine cells produce and store chromogranin A (Curry et al., 1990; Liinroth et al., 1990; Simonsson et al., 1988) .
Previous studies suggest that biogenic amines, such as 5-hydroxytryptamine (5HT, serotonin) and histamine (HA), are synthesized by enterochromaffin cells and ECL cells, respectively (Rubin and comprised about 75% of all endocrine cells, and about 90% of them were HA immunoreactive (HA-IR). No other HA-IR cell types were identified by EM in the basal half of the oxyntic region of rat gastric mucosa. The results suggest that a combination of EDCDI and aldehydes is suitable for IM demonstration of HA in cells. ECL cells form a predominant portion of endocrine cells in the oxyntic glands and may constitute the only significant non-mast cell store of HA in rat gastric mucosa. (J Hisrochem Cyrochem 41: [1405] [1406] [1407] [1408] [1409] [1410] [1411] [1412] 1993) ~ Schwartz, 1979; Hhkanson et al., 1970) . The oxyntic glands contain many argyrophilic endocrine cells, which normally contain no detectable 5HT or dopamine and exhibit no chromaffin or argentaffin reactions. Hhkanson and Owman (1967,1969) were the first to demonstrate by LM that ortho-phthalaldehyde (0PA)-positive cells were argyrophilic and capable of synthesizing HA. According to ultrastructural findings with silver impregnation technique, both ECL and A-like cells were interpreted to synthesize HA ( Hgkanson et al., 1971) . Recent autoradiographic studies with radioactive HA precursors and experiments employing a density centrifugation technique suggest that HA is synthesized and stored in the ECL but not in the A-like cells of rat oxyntic mucosa ( Sol1 et al., 1981; Rubin and Schwartz, 1979) . In addition, Kubota et al. (1984) localized histidine decarboxylase (HDC)-like immunoreactivity in the cytoplasm of the ECL cells. However, Tran and Snyder (1981) obtained different results in their immunocytochemical studies, which revealed HDC immunoreactivity in parietal cells but not in endocrine cells.
Although evidence of cellular localization of HA in rat oxyntic mucosa has been accumulating, direct EM microscopic confirmation of HA in different cell types is lacking. HA-IR endocrine cells and mast cells have been found in oxyntic mucosa of several species representing different phyla, using specific and sensitive anti-bodies against conjugated HA and standard indirect LM immunohistochemical methods (Nissinen et al., 1992a,b; Nissinen and Panda, 1991; H h s o n et al., 1986; Panula et al., 1985) . The present study was designed to test different fixation techniques for EM and to identdy the HA-containing endocrine cells in rat oxyntic mucosa with HA antibody and IEM methods. l-Ethyl-3(3-dimethylaminopropyl) carbodiimide (EDCDI) can be used as a fixative for LM demonstration of HA, amino acids, and peptides with specific antibodies (Panula et al., 1988; Madl et al., 1986; Pol& et al., 1972; Kendall et al., 1971) , but its application to EM immunocytochemistry requires combination with more efficient fixatives (N'dssel et al., 1990; Panula et al., 1990) .
Materials and Methods

Experimental Animals and Tissue Preparation
Twenty-four adult male Wistar rats weighing 200-250 g were used. The animals were housed in cages with free access to standard rat food pellets and water. All experiments were reviewed and accepted by the Institutional Review Committee for Experimental Animals. Under sodium pentobarbital (Mebunat; Orion, Finland) (6 mgllOO g IP) anesthesia, the rats were perfused transcardially at a low flow rate (10 mllmin) with 0.9% saline at room temperature (RT) for 5 min, followed by one of the fixatives described below. The fivatives were dissolved in 0.1 M sodium phosphate buffer (PB) because it gives good ultrastructural preservation when used with traditional aldehyde fixatives (Somogyi et al., 1986) .
Tissue Fikztion
Four different fixation methods were tested for suitability in HA immunocytochemistry at the TEM level. l-EthyI-3(3-dimethyl-aminopropyl) Carbodiimide (n = 6). The fixative (pH 7.35) contained 4% EDCDI (Sigma; St Louis, MO) in 0.1 M PB, pH 7.4. It was perfused transcardially at RT for 30 min. The stomach was removed, opened along the major curvature, and rinsed in 0.9% saline, immersed in the same fixative at 4'C overnight, and then rinsed in PBS, pH 7.4, overnight. EDCDI 4% was chosen because it allows highly specific detection of HA-IR structures in several tissues without obvious tissue damage in LM (Nissinen et al., 1992a.b; Panula et al., 1990) .
EDCDI Followed by Paraformaldehyde (n = 5). The 4% EDCDI fixative was followed by ice-cold 4% paraformaldehyde (Merck; Darmstadt, Germany) (final pH 7.3) in the same buffer for 10 min. The stomach was removed, washed in 0.9% saline, immersed in 4% paraformaldehyde at 4'C for 2 hr, and rinsed as described above. Paraformaldehyde 4% was chosen because it has been shown to give a satisfactory reaction with antibodies against small neuroactive molecules (Madl et al., 1987) and to preserve ultrastructural features, particularly when used with small amounts of glutaraldehyde (Pickel, 1979) .
EDCDI Followed by Glutaraldehyde (n = 2). Perfusion of two experimental rats with EDCDI was performed as above, but 4% paraformaldehyde was replaced by 0.1% glutaraldehyde (TAAB; Reading, UK) (pH 7.4).
EDCDI Followed by Paraformaldehyde and Glutaraldehyde (n = 5). In this method the fixative used after 4% EDCDI consisted of 4% paraformaldehyde and 0.1% glutaraldehyde in ice-cold buffer (pH 7.3) for 10 min. The specimens were post-fmed in the same mixture of aldehydes overnight.
Preliminary studies using six experimental animals with a wider range of fixatives indicated that a higher concentration of paraformaldehyde and glutaraldehyde totally inhibited the HA immunoreaction and that aldehydes alone without EDCDI were incompatible with immunocytochemistry using HA antisera.
Immunocytochemistry for Electron Microscopy
Vibratome sections (35-40 pm thick) of the gastric corpus, cut transverse to the mucosal surface, were collected in PBS at RT. After fixation with EDCDI followed by paraformaldehyde, the sections were incubated with 0.05 % sodium borohydride [Na(B&)] (Merck; Miinchen, Germany) in PBS for 45 min to dilute the aldehyde groups. After rinsing with 0.1 M PB overnight, the sections were incubated with HA antiserum (Code no. 1%) (Panula et al., 1990) diluted 11000 PBS with 0.05% saponin, pH 7.4 (PBS-S), for 2-3 days at 4'C. Saponin 0.05% (Sigma) was added to all antiserum dilutions and rinses to enhance penetration ofthe antisera (Kivipelto, 1991; Panula et al., 1990) . The primary antiserum was raised in a rabbit against HA conjugated to keyhole limpet hemocyanin with EDCDI. The conjugate (500 pg) was injected intradermally in an equal volume of Freund's complete adjuvant. Five weeks later a booster injection was given (300 pg conjugate) and the rabbit was bled once a week. Normal swine serum (1%) was used in the first incubation to reduce nonspecific background staining. The samples were rinsed and then incubated with swine antirabbit antiserum (Dako; Copenhagen, Denmark) 1:lOO for 48-72 hr at 4'C. After a thorough rinse the sections were incubated with rabbit peroxidase-antiperoxidase complex (PAP) (Dako) 1100,48-72 hr at 4'C. The samples were then rinsed with Tris-HC1, pH 7.6 for 1 hr at RT.
Electron Microscopy
The PAP-reacted samples were sliced into small pieces (1 mm'), fixed in 1% os04 for 1 hr at RT, rinsed with 0.1 M PB. pH 7.4, and post-fixed with 2% glutaraldehyde for 1 hr at RT. They were dehydrated in a series of graded ethanol solutions. After immersion in propylene oxide (Fluka; Buchs, Switzerland) (three times for 10 min), the samples were immersed in a mixture (1:l) of propylene oxide and Epon (Ladd; Burlington, VT) overnight and embedded in Epon-filled Beem capsules (Bio Rad; Cambridge, MA). Ultrathin sections were collected from the surface of the plastic-embedded tissues and examined with a Jeol 100s TEM.
Light Microscopic Immunocytochemistry
Samples for fluorescence and LM were prepared as described above with EDCDI. After immersion in 4% EDCDI at 4°C overnight, the samples were transferred to PBS, pH 7.4, containing 20% sucrose for 1-4 days at 4'C. The corpus of the stomach was then cut at 20 pm (PAP method) and 30 pm (immunofluorescence) with a cryostat and placed on gelatin-coated glass slides. The sections were then incubated with the HA antiserum (Code no. 1%) diluted 1:loOO in PBS containing 0.2% Triton X-100 and 1% normal swine serum for 2 days at 4'C. followed by 1 hr at RT. They (30 pm thickness) were then incubated with fluorescein-conjugated swine antiserum against rabbit immunoglobulins (Dakopatts) diluted 1:40 in PBS-Triton for 60 min at RT. After washing with PBS the sections were covered with glass coverslips and examined with a Leitz Aristoplan fluorescence microscope equipped for epi-illumination using appropriate filter combinations ( Figure Id) .
Cryostat sections 20 pm thick collected on gelatin-coated glass slides were prepared for PAP-reacted control samples as described for IEM. They were covered with glass coverslips and examined with a Nikon LM (Figures la-lc).
Quantitative Analysis and Identi$cation of Endocrine Cels
The number of gastric endocrine cells and the proportion of HA-IR cells were counted from the oxyntic mucosa of four rats fixed with EDCDI followed by a combination of paraformaldehyde and glutaraldehyde. From each rat. all endocrine cells were counted from 12 random ultra-thin sec- tions made from four pieces cut from different sites of the basal half of the oxyntic mucosa. The same endocrine cell was not included twice in cell counts. Altogether, 380 endocrine cells were identified in the samples. Identification of different endocrine cell types was based on published morphological criteria (Sundler and Hlkanson, 1988) . The ECL cell was identified by its vesicular granules that vary considerably in size within and among cells. Many granules contained a fine-dotted or flocculent electrondense core separated from the limiting membrane of the granule by an electron-lucent halo. In the A-like cell, the secretory granules were round with a uniformly electron-dense core, seldom separated from a limiting membrane by a narrow electron-lucent rim. Characteristic somatostatin (D) cells had smaller granules than A-like cells, with moderate electron-density. Sparse DI-and P-cells contained much smaller electron-dense granules than A-like and D-cells. EC-cells and gastrin (G) cells were located in the antrum (Sundler and Hlkanson, 1988) .
Control Experiments
The specificity of the immunocytochemical method that utilized antiserum against EDCDI-conjugated HA has been characterized extensively (Panula et al., 1984 (Panula et al., ,1985 (Panula et al., ,1988 (Panula et al., .1990 . In a series of model experiments on nitrocellulose filters. EDCDI-fixed HA, but not L-histidine, was detected by the antiserum and pre-absorption of the antiserum with an HA-protein conjugate completely abolished the reaction (Panula et al., 1988 (Panula et al., ,1990 . This antiserum did not detect other amines, L-histidine. or histidine-containing peptides in the model system or tissues (Nissinen et al., 1992a.b; Panula et al., 1988 Panula et al., ,1990 . When sections of rat stomach were incubated with the antiserum pre-absorbed with an HA-protein conjugate (10 pglml). all immunoreactivity disappeared ( Figure Ib) . Pre-absorption with L-histidine-protein conjugate at any concentration did not influence the staining ( Figure  IC) (Nissinen et al., 1992a.b) . The appropriare method controls also indicated specificity: when the specific HA antiserum was omitted from the incubation or replaced with pre-immune serum, no precipitate was detected in gastric endocrine cells.
Results
Fiwtion Methods
Studies with immunofluorescence indicated that 4% EDCDI alone was the best fixative. Very bright immunofluorescence was seen in the ECL cells of the basal parts at the gastric glands, in some presumptive mast cells in the superficial part, and in occasional nerves in the muscularis mucosae and in the submucosa ( Figure Id) . EDCDI 4% as the only fixative preserved ultracellular structure poorly (Figure 2a ). In some cells only nuclei and occasional mitochondria could be identified. A few epithelial cells contained reaction product as dark deposits in the cytoplasm. However, identification of different endocrine cell types was unreliable because of poor preservation of characteristic subcellular structures (i.e., the limiting membrane of the granules in the majority of epithelial endocrine cells was broken, the electron-dense core of the granules had disappeared, and the ultrastructure of endoplasmic reticulum was poor).
Fixation methods in which 4% EDCDI was followed by 4% paraformaldehyde or 0.1% glutaraldehyde gave similar results compared with each other (Figure 2b ). All cell organelles were preserved and identification of different epithelial cell types was possible. However, limiting membranes of ECL granules, ultrastructure of endoplasmic reticulum of many cell types, and the intracellular canaliculi of parietal cells were damaged in many cells. These fixation methods revealed the location of HA immunoreactivity in ECL cells only. The dark reaction endproduct was diffusely distributed in both cytoplasm and granules.
EDCDI in combination with paraformaldehyde and glutaraldehyde preserved the ultrastructural morphology of the samples best (Figure 2c ). The intensity of the immunoreaction was comparable to the other methods. Accordingly, samples prepared with this fixative were used for the detailed quantitative analysis. 
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Immunoelectron Microscopic Analysis
ECL and A-like cells were the predominant endocrine cells in rat oxyntic mucosa (Figure 3a) . Occasional D-, P-, and DI-cells were also detected. Most endocrine cells in the basal half of the mucosa were in contact with the basal lamina of the gastric glands.
A quantitative analysis of different cell types and their HA content was carried out. Approximately 90% of all ECL cells in the samples fixed by combination of EDCDI and both aldehydes were HA-IR (Figure 3b ). The reaction product was diffusely distributed throughout the cytoplasm, within the endoplasmic reticulum, and limiting membranes of the vesicles (Figures 4c and 4d) . The characteristic processes of the ECL cells often ended in club-like swellings (Figures la, IC, and Id) , were intensely positive for HA immunoreactivity, and were not seen to make contact the lumen of the gland. The vesicles and mitochondria were devoid of immunoreactivity (Figures 2c. 4c, and 4d) . None of the other endocrine cells (n = 92) identified in the samples were positive for HA immunoreactivity (Figures 3b. 4a, and 4b) .
Many peroxisomes were detected in the parietal cell cytoplasm (Figure 4a ). They contained PAP reaction endproduct indicating endogenous peroxidase enzyme. In E M sample analysis, no mast cells were detected in the basal half of the gastric epithelium. In the basal oxyntic mucosa, only a few mast cells were found in the thin muscularis mucosae or lamina propria ( Figure Id) . Neither LM nor E M revealed HA-IR neurons in the oxyntic epithelium (Figures 1 and 4) .
Discussion
Acid secretion from gastric parietal cells is regulated by several chemical messengers that act independently and interdependently (Soll, 1978; Grossman, 1974) . In addition to the well-defined chemical messengers gastrin, acetylcholine, and HA, other stimulants and inhibitors of acid secretion are released into the blood (endocrine) or tissues (paracrine) as a reaction to changes in the p H and to the presence of ingesta within the gastrointestinal tract (Soll and Walsh, 1979) . Gastric HA is stored in mast cells, epithelial endocrine cells, and possibly neurons (Nissinen et al., 1992a; Sundler and Hlkanson, 1988; Hikanson et al., 1986; Panula et al., 1985) . It has been suggested that HA transfers information from the intestinal immune system to the enteric nervous system (Wood, 1992) . The proportion of epithelial endocrine cells and mast cells differs considerably among species. In rat gastric mucosa a prominent population of the epithelial endocrine cells are intensely HA-IR (Nissinen et al., 1992a; Hlkanson et al., 1986; Panula et al., 1985) . The present study confirms previous observations regarding the location of the majority of mast cells in the muscularis externa and submucosa; only occasional mast cells, which show faint HA immunofluorescence compared with ECL cells, are seen restricted to the superficial third of the mucosa (Nissinen et al., 199213; Hikanson and Sundler. 1987; Hikanson et al., 1970 Hikanson et al., ,1986 . These mast cells were excluded from the EM samples because they were not seen in basal parts of the gastric glands. HA-IR nerve fibers have been observed in the muscularis externa of developing rat stomach and in developing rat kidney between embryonal Days 18 and 20 (Nissinen et al., 1992a,b) . In addition, recent evidence suggests that HA-like immunoreactivity is widely distributed in peripheral nerves in prenatal rats (Panula et al., 1992) . In adult rat stomach, only occasional HA-IR nerve fibers were detected in the submucosa and the muscularis mucosae, and the staining intensity was low. Ekblad et al. (1985) detected histidine decarboxylase (HDC)-immunoreactive nerve cell bodies in the myenteric ganglia of rat proximal small intestine but no HDC-IR neural structures in rat stomach.
In the samples evaluated herein, ECL cells were the only HAcontaining epithelial endocrine cell type. Identification of these cells was based on characteristic ultrastructural features: vesiculartype granules that vary in size within the same cell and a wide electron-lucent halo separating the moderately electron-dense core from the limiting membrane (Forssmann et al., 1969) . A large number of endocrine cells in the oxyntic region were analyzed and the vast majority of them were ECL cells (75.8%). A-like electron-dense granule-containing cells and somatostatin-producing D-cells were less numerous. Occasional small-granule gastroenteropancreatic endocrine cells, Di-and P-cells, were detected. The proportions of gastric endocrine cells counted were comparable to previous results (Bottcher et al., 1989; Sundler and Hikanson, 1988; Alumets et al., 1979; Hikanson et al., 1976a) , although this analysis revealed an even higher percentage of gastric ECL cells. Gastrin activates HDC and sustained hypergastrinemia increases gastric HA concentration (Htkanson et al., 1976a,b) . Longstanding hypergastrinemia induces hyperplasia and hypertrophy of A-like cells and ECL cells (Ryberg et al.,. 1990; Bottcher et al., 1989; Alumets et al., 1979; Htkanson et al., 1976a) . with enlargement of endoplasmic reticulum and Golgi apparatus. The results reported herein suggest that the A-like cells and other endocrine cells lack HA immunoreactivity and therefore probably do not contribute to changes in HA concentration after stimulation by gastrin. These findings are in agreement with studies on the size of ECL and A-like cells after antrectomy (Htkanson et al., 1976a) . In antrectomized rats, in which endogenous gastrin production is depressed, the number and size of ECL cells were reduced commensurate with a decrease in gastric HDC activity and mucosal HA concentration, giving indirect evidence of the role of ECL cells as a predominant store of HA. A-like cells were similarly markedly reduced in number, but not in size, by antrectomy (Hikanson et al., 1976a) .
Many PAP reaction product-containing peroxisomes were detected in the parietal cell cytoplasm. Both parietal and chief cells were devoid of reaction for HA-IR. These results are in agreement with findings of Kubota et al. (1984) , who revealed HDC-like immunoreactivity only in the ECL cells, although detailed quantitative analysis was not performed in that study.
It is difficult to define the subcellular localization of synthesized HA from the results of autoradiographic studies with radioactive HA precursors because both the nuclei and cytoplasm of ECL cells were covered by grains (Rubin and Schwartz. 1979) . In this study the peroxidase endproduct was diffusely distributed within the cytoplasm, endoplasmic reticulum, and limiting membrane of the vesicles of ECL cells, whereas vesicles and mitochondria were devoid of immunoreactivity. Similar subcellular location of HDClike immunoreaction product has been reported (Kubota et al., 1984) . These findings suggest that HA is synthesized and stored in the cytoplasm. The pre-embedding method applied here may lead to diffusion of the reaction product within the cytoplasm, i.e., from vesicles to extravesicular cytoplasm. Tissue treatment may also lead to release of the vesicle contents within the cytoplasm before incubation.
The best results in HA immunocytochemistry with the polyclonal HA antibodies produced in this laboratory can be expected when EDCDI-fixed tissues are used (Panula et al., 1988) . In production of the HA antibody, the HA-protein conjugate used for immunization was prepared with EDCDI (Panula et al., 1984 (Panula et al., ,1988 (Panula et al., , 1990 . Although EDCDI fixation allows detection of antigens in cells and preserves the morphology relatively well (Madl et al., 1986; Polak et al., 1972; Kendall et al., 1971) , especially at LM level, its capacity to preserve the ultrastructure of tissue samples is suboptimal. In this study the fixation method was improved by adding aldehydes to the perfusion fluid after initial fixation of the antigen with EDCDI. Unreacted aldehyde groups were reduced with Na(BH4). This study showed that HA can be demonstrated in "EM samples despite the sensitivity of the immunoreaction to aldehydes, provided that the latter are used after application of EDCDI. Aldehydes were unavoidable to preserve the ultrastructure of EDCDIfixed oxyntic epithelium. Although ECL cells may contain larger amounts of HA than other cells, e.g., neurons, this method may be applicable more generally to ultrastructurally identify HAcontaining cells. In conclusion, this study demonstrates directly that HA-containing endocrine cells in the normal rat oxyntic mucosa are ECL cells. Immunocytochemical evidence suggests that HAstoring cells in human oxyntic mucosa are mast cells and endocrine cells (Ennroth et al., 1990 ; Hikanson et al., 1986) . The EM immunocytochemical method may be useful in revealing the endocrine cell types in human stomach after endoscopy. Despite careful and rapid in situ tissue fixation the subcellular storage of H A may be sensitive to changes during sample processing. This may be due to low molecular weight of HA, leakage from the vesicles, or diffusion of the reaction product.
